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The effect of motion sharpening upon blur discrimination thresholds was examined for a range of 
speeds and blur widths. Blur discrimination thresholds were measured for drifting edges whose 
blur was either physically or perceptually constant. Under conditions where edges were kept at a 
constant physical blur width, discrimination thresholds rose as a function of Speed as previously 
reported. However, when the perceived blur of edges was held constant, discrimination 
performance was more-or-less constant for speeds up to at least 6.3 deg sec -1. The results indicate 
that the deterioration of blur discrimination performance with speed may be due to motion 
sharpening and not motion blur as has previously been suggested. The results are discussed in terms 
of a scheme whereby a non-linearity in motion processing serves to sharpen moving edges, whilst 
the finite integration time of the system tends to smear them. © 1997 Elsevier Science Ltd 
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INTRODUCTION 
It is estimated that the visual system integrates informa- 
tion over approximately 120 msec in daylight (Barlow, 
1958; Legge, 1978). Since the response of the visual 
system is not instantaneous, image motion should result 
in camera-like motion blur and thus an increase in 
positional uncertainty relative to static images. Recently, 
Pii~ikk6nen & Morgan (1994) have attempted toquantify 
the blur introduced by motion by measuring blur 
discrimination thresholds for drifting edges. They found 
that discrimination thresholds increased for speeds above 
2 or 3 deg sec -1 and thus concluded that this was 
consistent with the introduction of blur as a linear 
function of speed. However, the perceived blur or smear 
of moving objects is much smaller than that which should 
be expected given the temporal integration time of the 
visual system (Burr, 1980). Several models of motion 
deblurring have been proposed to account for the 
discrepancy between the degree of perceived motion 
smear and that expected upon the basis of the integration 
time of the system (e.g. Burr, Ross & Morrone, 1986; 
Anderson & Van Essen, 1987; Martin & Marshall, 1993). 
Burr (1980) reported that the perception of smooth 
motion did not reveal the introduction of equivalent 
spatial blur that would be expected from the temporal 
properties of the visual system. Paradoxically, Piiakk6nen 
and Morgan's findings are highly suggestive of the 
introduction ofmotion blur in the effective neural image. 
In order to attempt to reconcile these findings I have 
measured the effect of motion sharpening upon blur 
discrimination performance. Motion sharpening (Rama- 
chandran, Madhusudhan & Vidyasgar, 1974; Bex, Edgar 
& Smith, 1995) refers to the phenomenon whereby 
blurred images appear sharper in motion than their static 
analogues. Bex et al. have measured sharpening and 
shown it to increase monotonically for both sinusoidal 
gratings and blurred bars. Thus, the possibility clearly 
arises that the edges employed in Pii~ikk6nen and 
Morgan's measurements of blur discrimination under- 
went some perceptual sharpening. Pa~&6nen and 
Morgan's experimental procedures would not reveal 
any sharpening effect since all of their stimuli were 
drifting. In order to establish the effect, if any, of 
sharpening upon blur discrimination I have measured 
blur discrimination thresholds for edges which had either 
a physically constant blur width or a perceptually 
constant blur width at a range of speeds and for a range 
of nominal blur widths. In Experiment 1, sharpening was 
estimated by adjusting the blur of drifting edges so that 
they had the same perceived blur as a static reference. In 
Experiment 2, blur discrimination thresholds were 
measured using physically constant blur widths and blur 
widths that were kept perceptually constant by using the 
blur width match values obtained in Experiment 1. 
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FIGURE 1. Schematic representation f the stimulus. The luminance profile of the edge was gaussian, its blur was manipulated 
by varying tr. The strip was presented 1 deg above a small fixation point. For drifting stimuli, the entire strip moved. 
Graphics colour monitor at a frame rate of 60 Hz. All 
stimuli were one-dimensional gaussian edges, similar to 
those employed by P~i/i_kkrnen and Morgan. The 
luminance profile of the edge was gaussian and its blur 
was manipulated by varying the standard eviation of the 
gaussian. The active display area subtended 33.7 by 
27 deg. The edge was presented in a strip which 
subtended 1.32 by 0.26 deg and was always situated 1 
deg above a centrally located small dark fixation point 
(Fig. 1). The maximum luminance of the strip was 
75 cd m -2 and the minimum luminance was 3 cd m -2. 
Thus, the Michelson contrast of the edge was always 92% 
and the background was of a mean luminance of 37 cd 
m -2. The stimuli were gamma-corrected by internal 
look-up tables. All stimuli were presented for a nominal 
250 msec with a randomization of +/-  33 msec. The 
viewing distance was 57 cm. 
Procedure 
Experiment 1: sharpening matches. The perceived blur 
of a range of edges was estimated using a modified Pest 
procedure (Taylor & Creelman, 1967). Each trial 
comprised two temporal intervals; in one interval a 
stationary reference dge whose blur was constant for 
each block was presented. The other interval comprised a 
horizontally drifting strip which contained an edge whose 
blur varied depending upon the subject's previous 
responses. The order of presentation f the interval was 
randomized from trial to trial. A blank field of mean 
luminance was presented between each interval for a 
duration of 250 msec. The reference dge was always 
stationary, the variable dge drifted horizontally at one of 
five speeds. The leading edge of drifting stimuli was 
always dark. The subjects' task was to indicate which of 
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FIGURE 2. The blur width required to produce a perceptual match to a static edge is plotted as a function of speed for two 
subjects at two (subject S.B.) or three (subject S.T.H.) reference blur widths. Error bars represent + 1 SEM. 
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HGURE 3. Blur discrimination performance, xpressed as Weber fractions (A blur/blur), as a function of speed for two subjects 
for constant physical and constant perceived blur conditions. Nominal reference blurs were 1.71' (a), 2.57' [(b), subject STH 
only]; and 3.42' (c). Error bars represent _ 1 SEM. 
the two edges appeared sharper by pressing abutton. The 
direction of the drifting edge was randomized from trial 
to trial and its trajectory was centred around the central 
fixation point. The location of the static reference was 
randomized such that it could appear anywhere within the 
trajectory of the drifting edge to which it was compared. 
This randomization of location was designed to control 
for any changes in perceived blur with eccentricity. The 
blur of the variable edge changed epending upon the 
subject's response such that it converged upon the 50% 
point. A trial ended after 10 reversals of the staircase and 
the mean of the last five reversals was taken. For each 
speed, the mean of three such estimates was taken as the 
PSE. 
Experiment 2: blur discrimination thresholds. The 
ability of subjects to discriminate different blur widths 
was estimated for a range of reference blurs (1.71'-3.42') 
presented within a strip which drifted horizontally at a 
range of speeds (0-9.48 deg sec-1). The procedure was 
essentially similar to that described by P~/~ikk/Snen a d 
Morgan. Each trial comprised two intervals, a reference 
edge and a variable edge, both of which drifted at the 
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FIGURE 4. Blur discrimination Weber fractions for the conditions of constant physical blur are replotted as a function of 
physical reference blur width (a) and perceived blur width of the reference (b) for subject STH. 
same speed. The order of presentation a d drift direction 
of each edge was randomized from trial to trial. The 
leading edge was always dark. Each interval was 
separated by a blank field of mean luminance for a 
duration of 250 msec. The subjects' task was to indicate 
which of the two intervals appeared sharper by pressing a
button. Two conditions were employed. In one condition 
the reference blur width was physically constant for all 
speeds tested, in the other condition, the reference blur 
width was varied as a function of speed in such a way that 
its perceived blur was constant relative to the stationary 
nominal blur width. The discrimination thresholds were 
estimated in the same manner as that described for 
sharpening matches, except hat the staircase was set to 
converge upon the 75% correct point. 
Two subjects were used, the author and a naive 
observer. Experiments were conducted in a semi- 
darkened room and no head restraint was used. 
RESULTS 
Figure 2 shows the results of the sharpening matches 
for two subjects. The blur width (expressed in arcmin) 
required to produce a perceptual match to a stationary 
reference blur is plotted as a function of speed. The blur 
width of the drifting edge required for a perceptual match 
increases monotonically as speed increases. Thus, at 
higher speeds ubjects required the drifting edge to be 
more blurred than the stationary edge in order to produce 
a subjective match. This represents a perceptual sharpen- 
ing of the bar with speed. These results are consistent 
with previous reports of motion sharpening (Bex et al., 
1995; Hammett & Bex, 1996). 
Figure 3 shows blur discrimination performance as a 
function of speed for a range of nominal blur widths. The 
squares how discrimination performance ( xpressed in
Weber fractions) for edges whose reference blur width 
was constant at all speeds. The circles show the results for 
conditions where the blur width of the reference was 
varied across speeds uch that perceived blur was held 
constant relative to a static nominal blur width. This was 
achieved by substituting the appropriate blur match 
values obtained for each subject in Experiment 1. The 
results clearly indicate that whilst discrimination perfor- 
mance for physically constant blur widths increases 
monotonically with speed, subjects' performance for 
constant perceived blur widths is virtually constant for 
speeds up to 6.3 deg sec -t for all nominal blur widths 
tested. At 1.71' performance deteriorates athigh speeds 
but at 3.42' performance is more-or-less constant at all 
speeds tested. 
Figure 4(a) shows the data for constant physical blur 
width (for one subject) re-plotted as a function of blur 
width. The results indicate that optimal performance for 
the range of blurs examined is at the largest blur width 
employed and that the relative nhancement i  discrimi- 
nation performance athigher blur widths is greatest at 
high speeds. This finding is in good agreement with the 
results of P~qkk6nen and Morgan. In Fig. 4(b) the results 
are re-plotted as a function of perceived blur. (The 
perceived blur was measured in an auxiliary experiment, 
similar to that of Experiment 1,except that he blur of the 
static edge was varied in order to estimate the perceived 
sharpness of the drifting edge). When expressed in terms 
of perceived blur, discrimination performance appears to 
improve with increasing blur width up to around 2 for 
slow speeds and then asymptote. For slow speeds, 
performance appears to be equal at equal perceived blur 
width, regardless of speed. The results at 9.48 deg sec -l, 
whilst qualitatively similar, do not appear to fall on the 
same curve. 
DISCUSSION 
The results of Experiment 1 indicate that he perceived 
sharpness of blurred edges increases with speed. This is 
in good agreement with the results of Bex et al. In 
Experiment 2, blur discrimination thresholds were 
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measured in two conditions. Firstly, thresholds were 
estimated for edges whose physical blur width remained 
constant across speeds. The results for physically 
constant blur widths are both qualitatively and quantita- 
tively consistent with those of P~iakkfnen and Morgan's. 
However, when perceived blur is held constant, little 
change in discrimination performance is found for speeds 
up to 6.3 deg sec -1 within the range of nominal blur 
widths employed. The deterioration in performance 
above 6.3 deg sec -t  appears to be greatest at smaller 
blur widths. We may now describe the results of 
Experiment 2 in two ways. Firstly, as suggested by 
P~iakk6nen and Morgan, we may postulate that when the 
speed of an edge increases, its blur discrimination 
threshold increases. Or, alternatively, we may formulate 
that when the perceived sharpness of an edge increases, 
blur discrimination thresholds increase. Clearly the 
critical question is which is the important parameter, 
speed or perceived sharpness? The results for conditions 
of perceptually constant blur indicate that, at least up to 
6.3degsec -1, the critical parameter appears to be 
perceived sharpness, inasmuch as changes in speed have 
little effect on discrimination when sharpness is held 
perceptually constant. 
Under conditions where physical blur is held constant, 
perceived blur decreases with speed. Thus, the degrada- 
tion in discrimination performance r ported by Paakk6- 
nen and Morgan may actually be attributed to an increase 
in perceived sharpness rather than an increase in blur. 
Such an interpretation is consistent with the findings of 
both Watt & Morgan (1983) and P~kk6nen and Morgan, 
who noted that optimal blur discrimination is at some 
non-zero blur width. The present results for conditions 
where blur width is held physically constant are in good 
agreement with those of P~ifikkt~nen a d Morgan and 
show three effects which are worthy of note. Firstly, as 
Pa~ikk6nen and Morgan note "... the optimum blur... 
seems to shift to higher blur values with velocity". 
Secondly, the smaller the nominal blur, the greater the 
effect of velocity. Thirdly, little deterioration in dis- 
crimination performance is found for speeds below 
around 3 deg sec -1 These results may be explained as 
an effect of motion sharpening. Figure 4 shows that 
performance improves at all speeds as perceived blur 
increases. For slower speeds, this enhancement in 
performance asymptotes around 2-2.5' of perceived blur 
width. At high speeds, this perceived blur width is not 
reached and there is no suggestion of an asymptote for 
these speeds. Thus, the shift of optimum physical blur 
(i.e., the physical blur at which discrimination is best) to 
higher values with speed may be explained by the 
increase in perceived sharpness with speed. At high 
speeds a larger physical blur width is required in order to 
achieve the optimal perceived blur width. For small 
nominal blur widths the optimal perceived blur is never 
reached and therefore the effect of velocity is greater 
under such conditions. Finally, the more-or-less constant 
performance found below 3 deg sec -1 is consistent with 
the relative lack of sharpening found for slow speeds (see 
Fig. 4). 
The present results indicate that the increase in blur 
discrimination thresholds with speed may be attributed to 
the phenomenon of motion sharpening and not the 
introduction of motion blur, as has previous!~¢ been 
suggested. For speeds up to around 6.3 deg sec- , when 
perceived blur is constant then blur discrimination 
performance is more-or-less constant. However, for the 
smallest blur width used, discrimination performance 
deteriorates above 6.3 deg sec -~ in both physically and 
perceptually constant conditions. Here I propose that the 
most parsimonious interpretation of the present results 
invokes both the introduction of camera-like motion blur 
and the existence of some process which serves to 
sharpen the effective neural image of all waveforms in 
motion. Such a scheme would predict hat the effect of 
sharpening should be observed under two conditions-- 
cases where spatially blurred targets are drifted, and cases 
where the speed of a sharp edge introduces equivalent 
blur into the effective neural image. In the first case, one 
would predict a perceptual sharpening of the image, in 
the second case, one would predict a preservation of 
perceptual sharpness in an image which should otherwise 
be blurred by motion. The preservation of sharpness 
should exist so long as the sharpening added to the neural 
image exceeds or equals the motion-induced blur. Thus 
such a model can deal, at least qualitatively, with the 
relative absence of motion smear which should be 
expected from the integration time of the visual system 
(Burr, 1980) and the sharpening of blurred images in 
motion. However, it cannot explain why discrimination 
thresholds break down above 6.3 deg sec -1 for condi- 
tions of constant perceived blur.* 
CONCLUSIONS 
I have argued that the deterioration of blur discrimina- 
tion performance with speed may be the result of a 
perceptual sharpening of waveforms in motion rather 
than the introduction of motion-induced blur. However, 
the results of the present study simply indicate that 
moving edges undergo perceptual sharpening in motion 
and that, at constant perceived blur, discrimination is 
virtually constant up to 6.3 deg sec -1. This introduces the 
possibility that blur discrimination performance deterio- 
rates with speed due to an increase in the perceived 
sharpness of edges in motion. It is certainly the case that 
perceived sharpness i correlated with a deterioration i
such performance. However, the invocation of a causal 
relation between these two variables requires the 
assumption that blur discrimination is determined by 
perceived blur. This is not necessarily the case. For 
*In an auxilliary experiment, I repeated the discrimination measure- 
ments for the highest speeds used for a presentation duration of 
128 msec, thus halving the trajectory (and eccentricity) of the 
edges. The results were quantitatively similar to those at twice the 
duration. Thus, the possibility that this breakdown may be 
attributed to differences in the eccentricity at which different 
edges were presented seems unlikely. 
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instance, perceived blur may be computed on a "winner 
takes all" type priniciple whereby the highest spatial 
frequency channel that is active either contributes to, or 
directly labels perceived blur, whereas discrimination 
may be achieved by comparing the overall blur in the 
system. Thus, blur discrimination performance does not 
yet yield an unambiguous estimate of motion-induced 
blur since the appropriateness of employing physical or 
perceived blur depends upon the (unknown) relationship 
between perceived blur and blur discrimination. How- 
ever, the more-or-less constant discrimination perfor- 
mance found for perceptually constant perceived blur is 
suggestive of a determinate relationship between the 
mechanisms that encode blur and those that limit blur 
discrimination. If one assumes that perceived blur does 
determine the limits of discriminability then the increase 
in discrimination thresholds with speed reported by 
P~i~ikkrnen and Morgan may be interpreted as a result of 
an increase in perceived sharpness with speed, rather than 
the result of motion blur. The interpretation favoured here 
is one in which discrimination performance does make 
use of the computations that underlie perceived blur, 
which is itself subject o the combined effects of a non- 
linearity which sharpens the effective neural image and 
the introduction of motion-induced blur. The existence of 
a non-linearity which sharpens the effective neural image 
receives tentative support from the results of Hammett & 
Bex (1996). Quantification of motion-induced blur, at 
least by means of a blur discrimination protocol, remains 
dependent upon establishing the relationship between 
perceived blur and blur discrimination. Clearly, deter- 
mining the nature of this relationship will render a better 
understanding of the mechanisms underlying perception 
of the spatial attributes of moving images. 
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